The drawing mold of Miniature Inner Grooved Copper Tubes (MIGCT) is made of WC-Co hard alloy, TiAlN coating is deposited on the substrate of WC-Co hard alloy. Inspections on binding force and hardness show that TiAlN coating is provided with fine surface finish and can meet the requirement of industrial production. Under simulated condition, experiments were carried out on the friction between the uncoated/coated hard alloy and copper. The experiments prove that hard alloy with TiAlN coating can effectively decrease the friction coefficient. .
Introduction
MIGCT is an important component of heat-exchange equipment such as air conditioner, etc. With economic development and social progress, the social demand of MIGCT becomes larger and larger, and the MIGCT drawing mold is more widely applied, which results in serious wearing and loss of life of mold, thus the adverse influence is caused on production of MIGCT. Therefore, how to extend the tribological properties of mold to meet ever-growing industrialized production becomes a serious problem at present.
MIGCT is made of copper with 99.95% copper content through casting, rolling, drawing, annealing, spin forming and reannealing. In the entire drawing and forming process, MIGCT undergoes the maximum deformation at reducing mold where the stress on the mold is also the maximum [1] , which results in two consequences: firstly, the most serious abrasion and the shortest service life of the reducing mold; secondly, as MIGCT can never be made of absolutely pure copper, once its 0.05% impurities present at the external surface of MIGCT, the friction force will be increased due to the contact between the impurities and the mold during drawing, while the increased friction force will probably cause the fracture [2] . In view of the fact that MIGCT is drawn under the condition almost close to extreme drawing speed and drawing force in current industry production [3] , so a slight decrement of friction force may effectively reduce abrasion and prevent MIGCT from being fractured. Therefore, how to improve the tribological properties of the reducing mold is of great importance. This paper aims at this.
The properties of TiAlN coating
TiAlN coating is a new superior coating which has emerged in recent dozens of years, which is developed on the basis of TiN [4] . TiAlN coating is provided with mechanical and physical properties which are superior to TiC, TiN and TiCN coatings [5] . It is applicable to the machining of high-speed drawing forming [6] . The superior performance of TiAlN coating benefits from its structure. Adding Al will not damage the chemical stability of the coating; instead, as the radius of Al atoms is smaller than the radius of Ti atoms, Al atoms can replace Ti atoms in face-centered cubic crystal structures to distort the crystal structure, so that interplanar crystal spacing will reduce, the number of crystal 3rd International Conference on Machinery, Materials and Information Technology Applications (ICMMITA 2015) boundaries will increase, and the number of dislocations will increase [7] . As a result, the crystal particles will not prone to sliding, and TiAlN crystal will be formed, which will enable the structure to be more compact, thus effectively increasing the hardness of the coating [8] . This coating is not only provided with stable chemical property, high heat resistance, good abrasion resistance, low friction coefficient and fine film/substrate binding force [9] , but also boasts with excellent heat fatigue property, corrosion resistance and oxidation resistance [10] . It is widely applied in machining field, and is a highly praised ultra-hard coating currently. Fig.1 shows TiAlN coating reducing mold with a thickness of 3μm.
Fig. 1 TiAlN coating reducing mold

Stress analysis of reducing mold
Thinner tube diameter can effectively save raw materials. Therefore, current mIGCT is developing towards miniature diameter. The most widely applied ones in the market are mIGCT with the outer diameter of 5mm. For 5mm mIGCT, the outer diameter of the mother tube is 7.2mm, with the wall thickness of 0.32mm and surface roughness of 0.02μm. Their outer diameter will reduce to 6.35mm after passing the reducing mold. The reducing mold used is made of WC-Co hard alloy containing 8% Co. For research convenience, a sectional view is drawn for the load-carrying condition at the reducing mold as shown in Fig.2 . The drawing force is provided on the right, the positions of the reducing mold and the floating plug are fixed. When copper tube passes the reducing mold, the tube diameter will be smaller and the wall thickness will be thinner. In case of theoretical research, when the drawing is stable, the deformation can be divided into 4 stages [11] .
Fig. 2 Features of copper tube deformation area
Stage I: Empty sinking area. In this area, the copper tube contacts with reducing mold, but doesn' t contact with floating plug.
Stage II: Reducing diameter area. In this area, the inner and outer diameter of copper tube quickly reduce.
Stage III: Reducing wall area. In this area, the inner wall thickness quickly becomes thin. Stage IV: Sizing diameter area. In this area, the whole deformation process is put in order and stabilized.
The stress of reducing mold at the junction of reducing wall area and sizing diameter area is the maximum [12] , which is calculated as follows.
The computational formula for diameter of floating plug at the junction of empty sinking area and reducing diameter area is shown as below:
The result is calculated as below: ' 6.01 d = mm (2) The yield strength of copper related with its working rate; the larger the working rate is, the bigger the yield strength will be. When the copper tubes pass through 4 deformation areas in succession, the working rate gradually increases. Therefore, the value of yield strength from empty sinking area to final sizing diameter area shall gradually increase.
The computational formula for stretching stress of copper tube at elasticoplastic deformation boundary when the copper tube enters into empty sinking area is shown as below: (15) As shown in Fig.2 , an infinitely-small annular unit with a thickness of is cut out from the deformed copper tube in reducing wall area, and the stress analysis is made for this unit based on X-axis direction. In order to simplify the calculation, assuming that the positive pressure working on inner and outer wall of copper tube is equal.
The relation between stress of outer surface of copper tube on Y-axis direction and is shown as below: 
Experiments of binding force and hardness of TiAlN coating
Experiments of binding force of TiAlN coating.The coating may fall in the friction experiment if the binding force of TiAlN coating is too low, thus causing the failure of the experiment [13] . Firstly, its binding force should be tested to avoid this situation. There are many ways to test the binding force of TiAlN coating, of which scratch is simple, practicable and widely used [14] . Therefore, the test is carried out by scratch tester for the binding force of TiAlN coating.
A hemispherical diamond indenter with the diameter of 200μm was pressed on the surface of TiAlN coating mold, with 100N load applied on it. Then its surface was moved 1mm. The microstructure of the scratch was observed under a 400x microscope as shown in Fig.3 . The entire scratch was complete with clear profile. TiAlN coating bound well with the substrate, and the coating wasn't scratched, nor did it peel off. According to the calculation based on the actual contact area between the indenter and TiAlN coating, the stress on the TiAlN coating applied by the indenter is 3183Mpa which is much larger than 261.52 Mpa. Therefore, this binding force is sufficient for industrial production. Fig. 3 Microstructure of scratch Experiments of hardness of TiAlN coating.In view of the sufficient binding force between TiAlN coating and the substrate, it's feasible to test its hardness by Vickers hardness tester, and there is no need to worry about the influence of coating peeling on the test result. The pyramidal diamond with square base of the tester was pressed in the surface of the material, and then it was observed under a 1600x microscope. As shown in Fig.4 , the red rhombus is the indentation pit left by the forcer on the surface of the material. See Table 1 for the data in the 3 tests, where D1 and D2 are the lengths of the two diagonal lines of the rhombus, for the mean value of these three measurements, its Vickers hardness is 3539.42. The vertex angle of the pyramidal diamond with square base used in the tester is 136º. The calculation was carried out according to the longest diagonal line of the rhombus in the 3 tests, which shows that the depth of the forcer pressed in the TiAlN coating is 1.14μm. Therefore, the forcer didn't contact with the hard alloy substrate. So the test result is the hardness of TiAlN coating, and the substrate hardness has no interference on the result. The hardness of WC-Co hard alloy is 1300, which shows that TiAlN coating significantly improves the hardness of the reducing mold. There are many advantages to apply molds with high hardness to machining. On the one hand, the molds are provided with good abrasion resistance, high durability and long service life [15] ; on the other hand, the machined products are provided with good quality, high precision and good smooth finish, which can reduce labor intensity and improve economic performance [16] . 
Friction experiment
Introduction to experimental instrument.In this experiment, CETR friction-abrasion testing machine is adopted. The CETR friction-abrasion testing machine adopts hardware structure of modularized design, and it is a kind of experimental instrument with complete function, reliable data, and wide application. This testing machine is a testing system which can be applicable for various materials, coating, lubricating layer, or research and evaluation on mechanics and tribology features of lubricating oil materials and actual operating condition at nanometer, micro and macro level; the tested samples can be objects of any shape whose size and diameter vary from several nanometers to dozens of centimeters.
The experiment cannot be directly carried out on the testing machine due to reducing mold. Therefore, the experiment was carried out on friction rings which are made of the same material as the reducing mold. Fig.5 shows the articles used in this experiment. Fig.5(a) refers to lubricating oil used for copper tube drawing, Fig.5(b) refers to WC-Co hard alloy friction ring, and Fig.5(c) refers to TiAlN coating hard alloy friction ring which has a same surface roughness with reducing mold, and the surface roughness is 0.02μm.
Fig. 5 Experimental articles
Experimental procedure. Fig.6 shows an undergoing friction experiment. The copper pin on the holder installed at the upper part of the friction platform contacts with the friction ring which is rotating at the linear velocity of 0.5m/s (i.e., the friction velocity between the copper tube and the reducing mold under working condition). Lubricating oil is dropped on the friction ring constantly during the experiment to ensure it in complete lubricated status. Fig.7 and Fig.8 show the friction curves of the two experiments respectively, where Fx is the friction force, and Fz is the load on the friction ring applied by the copper pin. The copper pin may undergo certain abrasion due to friction during the experiment, and it's impossible for the friction platform to rotate absolutely stably, therefore, the curves may fluctuate within a tiny range. The change rules of the two friction curves are similar. Both friction coefficients are large due to insufficient lubrication at the beginning stage; then there is no fluctuation in the two curves as the friction is in stable stage, with the friction coefficients maintained at a low level. The data during stable friction stage were taken to calculate its average value. The friction coefficient between the WC-Co hard alloy friction ring and copper is 0.0145, and the friction coefficient between TiAlN coating friction ring and copper is 0.0132. 
Conclusion
TiAlN coating is applied on WC-Co hard alloy. Results indicated that: (1) The performance of TiAlN coating binding force with the substrate is excellent, the hardness of it tested by scratch experiment is also excellent, so TiAlN coating can be widely applied to wear-resistant parts such as drawing mold of mIGCT.
(2)The friction between copper and TiAlN coating hard alloy is 0.0132, which is less than 0.0145, the friction coefficient between copper and WC-Co hard alloy.
Decreased friction coefficient can effective reduce abrasion and reduce the facture of mIGCT. TiAlN coating molds are expected to enjoy broad application prospects.
